The EcoRY DNA methyltransferase (MEcoRV) is an a-adenine methyltransferase. We have used two different programs to predict the secondary structure of MrEcoRV. The resulting consensus prediction was tested by a mutant profiling analysis. 29 neutral mutations of M-EcoRV were generated by five cycles of random mutagenesis and selection for active variants to increase the reliability of the prediction and to get a secondary structure prediction for some ambiguously predicted regions. The predicted consensus secondary structure elements could be aligned to the common topology of the structures of the catalytic domains of MHhal and MTaql. In a complementary approach we have isolated nine catalytically inactive single mutants. Five of these mutants contain an amino acid exchange within the catalytic domain of M-EcoRV (Val20-Ala, Lys81Arg, Cysl92Arg, Aspl93Gly, Trp231Arg). The Trp231Arg mutant binds DNA similarly to wild-type M-EcoRV, but is catalytically inactive. Hence this mutant behaves like a bona fide active site mutant. According to the structure prediction, Trp231 is located in a loop at the putative active site of M-EcoRV. The other inactive mutants were insoluble. They contain amino acid exchanges within the conserved amino acid motifs X, in or IV in M-EcoKV confirming the importance of these regions. Keywords: in vitro evolution/neutral mutations/protein structure prediction/random mutagenesis/restriction modification system Introduction The methylation status of DNA is hereditary and adds additional information to the genome. In eukaryotes DNA methylation has been implicated in the control of gene regulation, genomic imprinting and embryonic development, in prokaryotes it serves to control the initiation of DNA replication, postreplicative repair and phage DNA packaging and also to protect host DNA from attack by restriction enzymes (reviews:
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The methylation status of DNA is hereditary and adds additional information to the genome. In eukaryotes DNA methylation has been implicated in the control of gene regulation, genomic imprinting and embryonic development, in prokaryotes it serves to control the initiation of DNA replication, postreplicative repair and phage DNA packaging and also to protect host DNA from attack by restriction enzymes (reviews: Heitman, 1993; Noyer-Weidner and Trautner, 1993; Roberts and Halford, 1993; Razin and Cedar, 1994; . DNA methyltransferases (reviews: Homby, 1993; can be divided into two classes according to the chemistry of the reaction catalysed, those transferring the methyl group to a carbon atom (C-methyltransferases), i.e. cytosine C'-methyltransferases, and those transferring it to a nitrogen atom (N-methyltransferases), i.e. cytosine N*-and adenine A^-methyltransferases. All DNA methyltransferases employ 5-adenosylmethionine (AdoMet) as donor for an activated methyl group. Whereas cytosine C 5 -methyltransferases have various amino acid motifs in common, adenine A^-methyltransferases are a more heterogeneous family of enzymes having © Oxford University Press in common two loosely conserved F_G_G and (N/D)PPY motifs, whose sequential order may even be reversed (Smith et al, 1990; review: Wilson, 1992) . Based on the order and spacing of the two motifs, cytosine A/ 4 -and adenine M-methyltransferases can be divided into three groups, namely a-methyltransferases, e.g. M-EcoRW, P-methyltransferases, e.g. M-HindUl, and y-methyltransferases, e.g. M-Taql. The order and spacing of the F_G_G and (N/D)PPY motifs of y-methyltransferases corresponds in cytosine C^-methyltransferases to the spacing between the F_G_G motif and motif IV containing the conserved cysteine residue which is responsible for covalent catalysis. Currently, the structures of the two cytosine C^-methyltransferases, M-Hhal [AdoMet complex (Cheng et al, 1993) ; DNA complex (Klimasauskas et al, 1994) ] and MHaem [DNA complex (Reinisch et al, 1995) ], and of one y-adenine methyltransferase, M-Taql [AdoMet complex (Labahn et al, 1994) ], are known. All enzymes comprise two domains, one responsible for catalysis, the other for DNA recognition. Although MHhal and MTaql do not have significant amino acid sequence similarities, the structures of both catalytic domains are very similar to each other (Schluckebier et al, 1995) . In both enzymes, however, the positioning of the DNA recognition domain is different with respect to the secondary structure elements of the conserved catalytic domain. Recently it has been shown by structureguided multiple sequence alignments that N-methyltransferases, like C-methyltransferases, contain up to nine weakly conserved amino acid motifs. These motifs correspond structurally and functionally to those identified in C-methyltransferases, suggesting that all methyltransferases have a catalytic domain of similar structure (Malone et al, 1995) .
The EcoRV DNA methyltransferase is part of the EcoRV restriction modification system. It specifically methylates DNA within GATATC sequences at the A^-position of the first adenine (Nwosu et al, 1988) , thereby protecting the DNA from cleavage by the EcoRV restriction endonuclease. The enzyme is active as a monomer and consists of 298 amino acids (Bougueleret et al, 1984) . It is an a-adenine DNA methyltransferase showing amino acid sequence similarities to some GATC-specific DNA methyltransferases (Lauster et al, 1987) . As the protein is not very soluble, the determination of the 3D structure by NMR spectroscopy or crystallography is impeded. An appropriate structural model, however, is a prerequisite for further experiments to understand the basis of the specificity of this enzyme and its catalytic mechanism. In this work, we attempted to obtain a structural model of the EcoRV methyltransferase by combining computational and biochemical methods. Our strategy was first to predict the secondary structure elements of MEcoRV and then to refine and verify this prediction by identifying various neutral mutations produced by an in vitro evolution procedure. As the order of the predicted secondary structure elements of M-£coRV corresponds to the common topology of the catalytic domains of MHhal and MTaql, we were able to align the predicted secondary structure of MEcoRV on the topology of the catalytic domains of M-Hhal and M-Taql. This approach led us to propose a structure for M EcoRV, which in part differs from the general structure predicted by Malone et al. (1995) . In a complementary approach, we identified nine catalytically inactive single mutants which support the structural model.
Materials and methods

Cloning, sequencing and purification of M-EcoRV
The gene for MEcoRV was obtained by PCR from pLBM4422 (Thielking et al., 1991) . To minimize the number of mutations introduced by the PCR, the P/w-polymerase (Promega), a thermostable polymerase possessing proofreading activity, was used, and only 20 PCR cycles were carried out. The 5' PCR primer contained a BamHL cleavage site, the 3' PCR primer an EcoRV and a Sail cleavage site. The PCR product was purified by a PCR purification kit (Qiagen), cleaved with 10 U of BanitH (Amersham) and Sail (USB) and purified once again to remove the short cleavage products. The insert was ligated into the large BamHJJSall fragment of pHISRV (Wende, 1994) which was dephosphorylated using shrimp alkaline phosphatase (USB). In the resulting pRVMetH6 plasmid the codons for an affinity tag of six histidine residues were genetically fused to the 5' terminus of the M-EcoRV gene. The plasmid also contains an EcoRV recognition site immediately 3' to the gene, an important feature for the mutant profiling procedure to be described. The MEcoRV gene (918 bp) and the adjacent EcoRV site were sequenced using an automated ABI DNA sequencer according to the instructions of the supplier. We used six sequencing primers, three for each DNA strand, which were synthesized on a Millipore DNA synthesizer and purified by denaturing PAA gel electrophoresis. This sequencing protocol ensured that each base pair is sequenced by at least three different sequencing primers independently, so that all mutations could be identified unequivocally. The expression of the MEcoRV gene which is under the control of ptac was performed in Escherichia coli LKlll(X). Purification of the protein was carried out by Ni-NTA-agarose affinity chromatography essentially as described for R-£coRV (Wenz et al, 1994) . Briefly, the cells were grown in 500 ml of LB medium and gene expression was induced by IPTG. Cell lysis was carried out in 30 mM potassium phosphate (pH 7.2)-0.1 mM DTE-0.01% lubrol-100 mM NaCl-10 mM imidazole by sonication and cell debris was removed by centrifugation at 13000 g. The supemant was applied to a 2 ml Ni-NTAagarose column (Qiagen) equilibrated with lysis buffer. After washing with 200 ml of lysis buffer, the protein was eluted with 4 ml of 30 mM potassium phosphate (pH 7.2)-0.1 mM DTE-0.01% lubrol-100 mM NaCl-0.5 mM EDTA-250 mM imidazole. The concentration of the homogeneous preparations obtained was determined by the Bradford method using BSA as standard.
Biochemical characterization of M-EcoRV
To test the enzymatic activity of M-EcoRV, two assays were employed. The first is based on the in vivo methylation of plasmids by the methyltransferase. Owing to this activity, plasmids prepared from cells containing an active methyltransferase are resistant to cleavage by the corresponding restriction endonuclease. Plasmids were grown in E.coli LKlll(X) cells containing chromosomally encoded lacl q . The transcription of the MEcoRV gene which is under the control of ptac was not induced. Plasmid preparations were carried out using DNA mini-and midi-preparation kits (Qiagen) according to the instructions of the supplier. To test plasmid protection against R-EcoRV cleavage, 1-2 (xg of plasmid DNA were incubated with 100-200 nM REcoRV in 10 fxl of Tris-HCl (pH 7.5)-10 mM MgCl2-50 mM NaCl for 30-60 min. This corresponds to ~100 U of a homogeneous R-EcoRV preparation obtained as described (Wenz et al. 1994) . Subsequently, the samples were analysed by agarose gel electrophoresis. Under these conditions an unmethylated control plasmid was completely cleaved after 5 min, but no non-specific DNA degradation was observed. To assay the in vitro activity of purified M-EcoRV, plasmid pAT153(2) DNA which harbours two EcoRV sites was incubated in the presence of M-EcoRV in 100 mM NaCl-50 mM Tris-HCl (pH 7.5)-l mM AdoMet. After appropriate times (10-120 min), aliquots were withdrawn and cleaved with R-EcoRV as described for the in vivo methylation assay. DNA binding of M-EcoRV and M-EcoRV mutants was analysed by gel electrophoretic mobility shift experiments essentially as described for REcoRV (Jeltsch et al, 1995) in a buffer containing 20 mM Tris-HCl (pH 7.5), 50 mM NaCl, 5 mM DTE, 0.5 ng/nl BSA, 1 mM EDTA and 1 mM AdoMet (Sigma).
Random mutagenesis and selection for neutral mutations (mutant profiling)
It should be noted that DNA methyltransferases are ideally suited for an in vitro evolution approach, because a very efficient selection procedure for active and inactive mutants exists (Figure 1 ). This procedure is based on the fact that upon propagation in the cell each plasmid is modified by the methyltransferase it is coding for. Hence, for a separation of plasmids coding for inactive and active methyltransferase variants, simply a plasmid pool containing randomly mutated genes must be cleaved with the corresponding restriction enzyme. Subsequently, uncleaved plasmids (coding for an active methyltransferase) and cleaved plasmids (coding for an inactive methyltransferase) can be separated and transformed into E.coli cells. Hence no screening of individual clones is necessary.
Production of active MEcoRV variants containing multiple neutral mutations.
As all methods for undirected mutagenesis have some biases, random mutagenesis was carried out using five different mutagenic agents, namely nitrous acid, formic acid, hydrazine and potassium permanganate, similarly as described by Myers et al. (1985) . In four separate reactions, 0.1 ^g of pRVMetH6 was incubated in 20 ul containing (i) 250 mM sodium acetate (pH 4.3) and 1.0 M sodium nitrite, (ii) 12 M formic acid, (iii) 60% hydrazine or (iv) 100 mM KMnO 4 for 30-60 min. For mutagenesis by UV radiation, 0.1 |ig ofDNA in 20 (il were illuminated for 15-45 min at 254 nm with a UV hand lamp (Bachofer, Reutlingen, Germany). Subsequently, the DNA was precipitated with ethanol. The mutated DNA was amplified by PCR using the same primers as described above, except that 7a^-DNA polymerase (Promega) and 30 cycles were used. This step introduces additional mutations in the gene and ensures that all cloned mutants contain an intact EcoRV recognition site, because the site is located on the 3' PCR primer. The success of this mutagenesis procedure is shown by the fact that in the sequenced clones all possible kinds of nucleotide exchanges were observed. The PCR fragment was ligated into the large BamYWSall fragment of pRVMetH6 as described and the pool was transformed into E.coli LK11 l(k). Subsequently, the plasmids were prepared as a pool. Lower limits for the mutation rates were estimated by the amount of plasmid which is not protected from R-EcoRV cleavage. These plasmids contain an inactive MEcoRV gene and, hence, must contain at least one mutation. To produce clones containing as many neutral mutations as possible, incubation times were used, such that 50-95% of all plasmids were not protected. After REcoRW cleavage, the reaction mixture was transformed into LKlll(X). As superhelical plasmid is transformed much better than linear DNA, usually all of the resulting clones coded for an active M-EcoRV mutant. We carried out five cycles of random mutagenesis by the various methods, and selected for active mutants. After each cycle, the DNA coding for active MEcoRV variants was pooled.
Production of catalytically inactive M-EcoRV single mutants.
To obtain inactive mutants containing only one amino acid exchange, the M£coRV gene was amplified by PCR and cloned into pRVMetH6XBa>nHIXSa/I as described. Caused by errors of the Ta^-polymerase, ~1% of the resulting plasmid pool was cleaved by R-£coRV and, hence, code for an inactive M-£coRV variant. The linear DNA was isolated from agarose gels using Geneclean (Biolll, La Jolla, CA, USA). The DNA was ligated using 30 U of T4 DNA ligase (MBI Fermentas, Vilnius, Lithuania) and transformed into E.coli LKU1(X). All clones obtained were checked for their in vivo methylation activity. Inactive clones were sequenced. Single mutants were expressed and purified as described above.
Computational methods
Profile secondary structure predictions were carried out using PHD (Rost and Sander, 1993, 1994) and SSP (Mehta et al., 1995) . Both programs employ profiles obtained from multiple sequence alignments to predict secondary structure. Multiple alignments were automatically calculated by PHD and SSP. SSP was used in its standard configuration, i.e. employing a PAM120 matrix, a gap penalty of 13 and a Z-score of 7.0. With PHD two protein sequences were used to construct the multiple sequence alignment, namely mte5_ecoli (MEcoRV) and mt21_strpn (MDpnU). With SSP these and five additional enzymes were used, namely mtcl_chvnl (M-Cv/BI), dma7_ ecoli (E.coli retron EC67 DNA adenine methyltransferase), dma_bpt4 (phage T4 methyltransferase), dma_bpt2 (phage T2 methyltransferase) and mtla_morbo (M-Mbof) . This set enlarges the number of M-fcoRV homologous proteins described by Lauster et al. (1987) . Beside MEcoRV and M-Cv/BI which recognize and methylate GATATC and GANTC, respectively, all of these proteins are GATC-specific adenine methyltransferases. The alignments are shown in Figure 2 . We used two different methods for profile secondary structure predictions to improve the reliability of prediction. The rationale of this approach is that secondary structure elements which are independently predicted by two different programs employing different prediction algorithms are expected to have a higher probability of being correct. This point is illustrated in Figure 3 , where the results of secondary structure predictions of MHhal and MTaal by PHD and SSP are compared with the structures of both enzymes. The secondary structure (a-helix or p*-strand) of 145 amino acid residues was consistently predicted by PHD and SSP. With three exceptions (M-Taql positions 110, 111 and 244) the secondary structure prediction of all of these amino acid residues is correct. The reliability of the combined prediction (98%) contrasts with the fraction of residues whose secondary structure is correctly predicted by each program alone, which is 67% (PHD) and 57% (SSP) for these example proteins. The deviations in the secondary structure prediction of PHD and SSP for M-EcoRV were not due to the different set of proteins used, as shown by a PHD prediction using the alignment produced by SSP. This PHD prediction did not differ substantially from that obtained with the original alignment (data not shown).
Results and Discussion
Cloning, expression and purification of M-EcoRV
We inserted the MEcoRV gene into an expression vector and obtained pRVMetH6. The cloned protein contains a His 6 tag on its N-terminus, to facilitate purification. It was shown to be catalytically active, because plasmids grown in E.coli cells containing pRVMetH6 are protected from cleavage by the EcoRV restriction endonuclease and, hence, are completely methylated at EcoRV sites. Complete protection was observed, although the transcription of the M-EcoRV gene which is under the control of the ptac promotor was repressed in vivo. As ptac is known not to be very leaky, one can assume that only a few MEcoRV molecules are present in each cell, similarly to the case under physiological conditions, where methyltransferases of restriction/modification systems are usually expressed at a low level. We purified the MEcoRV enzyme by affinity chromatography to homogeneity. The purified protein has a specific activity of 2.5 X10 6 U/mg, which is slightly higher than reported previously (Nwosu et al, 1988) , demonstrating that the Hiss tag does not interfere with activity. 
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Profile secondary structure prediction Two methods for profile secondary structure predictions, PHD (Rost and Sander, 1993, 1994) and SSP (Mehta et al, 1995) , were employed as starting points for a structure prediction of MEcoRW. Both programs constructed slightly different multiple alignments for the prediction of the M-EcoRV structure; PHD identified one homologous protein, the GATC-specific adenine DNA methyltransferases MDpnU, whereas SSP, in the configuration used, found six homologous enzymes which are GATC-specific adenine methyltransferases and the CviBI methyltransferase which methylates GANTC. It must be pointed out, however, that the number of homologous proteins is too low to achieve the optimal prediction accuracy in both cases. The secondary structure prediction of both programs for MEcoRV are compared in Figure 4 (lines labelled PHD and SSP). Thirteen regions are predicted to be composed of Fig. 4 . Secondary structure prediction of MEcoRV. Amino acid residues which are similar to residues at equivalent positions in the MTaql or MHIial structures are boxed. InDel gives the location of insertions and deletions in the alignments computed by PHD and SSP. PHD and SSP show the secondary structure prediction by PHD or SSP, respectively, using wild-type MEcoRV as input. PHD_mut and SSP_mut show the corresponding predictions using the neutral mutations of MEcoRV for additional information. Pred. gives the final prediction obtained employing all of the information available. The predicted secondary structure elements are numbered consecutively. Structure elements that are consistently predicted by PHD and SSP are boxed and those that are predicted using the neutral mutations for additional information are shaded. The regions of the predicted catalytic and DNA recognition domains are indicated.
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a-helices or P-strands by both methods (boxed in Figure 4 ; for a discussion of the region between amino acids 45 and 48, see below) and, hence, are likely to be predicted correctly. Moreover, the boundaries between secondary structure elements are well defined in most cases by the predictions and also the occurrence of insertions and deletions in the alignments (Figure 4) .
Refinement of the secondary structure prediction using neutral mutations
To refine and verify these predictions, we carried out an in vitro evolution experiment aimed at identifying as many neutral mutations of the MEcoRV protein as possible. To this end, we carried out five cycles of random mutagenesis and selected for active mutants to analyse which amino acid exchanges are M-ficoRV structure prediction compatible with enzymatic activity and, hence, structurally tolerated by the protein. We sequenced 21 of the clones coding for an active EcoRV methyltransferase. On average, each clone contained 2.5 amino acid exchanges, and at most we found six mutations in one clone. In total, we identified 28 neutral mutations (Table I) , most of them being found in duplicate or in triplicate in independent clones. One additional mutation (Ile275Thr) was identified in a similar approach directed towards the isolation of inactive single M-£coRV mutants.
For the secondary structure prediction with the mutants, we constructed a hypothetical M-EcoRV sequence that contained all neutral mutations identified and used this gene as input for the secondary structure prediction programs. This approach is justified as the mutations do not cluster (cf. Table I) . The results are shown in Figure 4 (lines labelled PHD_mut and SSP_mut). As expected, there are differences in the secondary structure predictions based on the sequences of wild-type M-EcoRV and the hypothetical MEcoRV hypermutant protein.
These differences are especially useful in regions where the original predictions of both programs disagree, when only the wild-type sequence is used. At seven ambiguously predicted secondary structure elements the results obtained for the mutated gene could be used to decide for one alternative. At position 178-185 PHD predicted a p^-sheet whereas SSP predicted an a-helix. Using the M-EcoRV hypermutant protein sequence as input, PHD also predicted an a-helix. Similarly, at amino acid position 198-201 only SSP predicted a p-strand, but this strand was not predicted for the hypermutant protein.
Several other regions could be refined by the mutant analysis:
• a P-strand is unlikely between Lys4 and Pro8;
• an a-helix is probable between Asp78 and Arg87;
• an a-helix is unlikely between Asnl08 and Pro 112;
• the boundaries of P-strand 5 become much better defined;
• the region of a-helix J acquires a higher probability of being helical.
Taken together, the secondary structure of additional 35 amino acids residues can be predicted by this method and three regions can be shown probably not to have a regular secondary structure. All regions in which the neutral mutations served to decide between two different predictions are shaded in Figure 4 . No significant deviations between the secondary structure predictions based on the wild-type and the hypermutant protein sequences are observed in those 13 secondary structure elements that are predicted both by PHD and SSP for the wildtype protein to have the same secondary structure. This finding supports the conclusion that these elements were predicted correctly.
Secondary structure predictions of nine inactive single mutants which were produced by a similar in vitro evolution approach differed for the Phel72Ser mutant from the secondary structure predictions of the wild-type enzyme. For this variant PHD does not predict a p-sheet between Tyrl70 and Cysl74. This result shows that even a single mutation can change the prediction of a whole secondary structure element, lending credence to the effectiveness of our approach.
Topological alignment of M-EcoRV and known structures of methyltransferases
As the structures of the catalytic domains of M-Hhal and M-TaqI are similar to each other (Schluckebier et al., 1995) , although both enzymes belong to different families of methyltransferases, it was reasonable to test if the catalytic domain of MEcoRV could also have a similar structure. Indeed, the order of the predicted secondary structure elements in the C-terminal half of MEcoRV corresponds to the common topology of the catalytic domains of M-Hhal and M-Taql. We therefore aligned the predicted secondary structure elements of the whole enzyme on the topology of M-Hhal and M-Taql ( Figure 5) .
The motifs characteristic of adenine methyltransferases were used as starting points in the comparison (Wilson, 1992; Malone et al, 1995) . Beginning at the DPPY region (motif IV), the predicted secondary structure elements between amino acids 158 and 277 in M-EcoRV correspond to those of the x-ray structures. In analogy with the structure of M-Taql, we predict a pVsheet C-terminal to Asn277. At this position a P-sheet is predicted by SSP, but not, however, by PHD. The following P-sheet (Asp292-Glu298) corresponds to the M-Taql structure. The secondary structures N-terminal to the F_G_G motif (motif I) also are similar to those in the known methyltransferase structures. However, the P-sheet predicted between Thr42 and Asn58 most probably does not exist, because the F_G_G motif (Phe39-Gly43 in MEcoRV) is located in a loop in all three known methyltransferase structures. This loop always is directly followed by an a-helix. Hence we suggest that Val45-Val49 form an a-helix. This helix is expected to be followed by a P-strand. Based on the locations of the insertions and deletions in the alignments, this strand probably begins with Asp53. The occurrence of motif II (Malone et al, 1995) suggests that P-strand 2 ends with Asp58. The following a-helix is very short in M-Taql (helix B in M-Taql, Figure 5 ). According to the prediction it could correspond to Pro61- (1995) . Similar amino acids at corresponding positions in both proteins are boxed, (b) Topological alignment of the predicted secondary structure elements in the catalytic domain of MEcoRV on the structure of MHhal and MTaql (a). Amino acid residues of MEcoRV which are similar to residues at equivalent positions in the MTaql or MHhal structures are boxed. The locations of the motifs X, I, II, III and IV are given (Malone et al., 1995) . The positions of the amino acid exchanges leading to catalytically inactive mutants are indicated by asterisks.
Leu63. A following ^-strand is predicted by SSP. a-Helix D of MEcoRV starts with motif HI, suggesting that this helix corresponds to the helix C of MTaql and MHhal ( Figure 5 ). It should be noted that the regions between Gly43 and Asn60 and also Ile64 and Leu70 are the only part of MEcoRV in which the secondary structure predictions by PHD and SSP could not readily be aligned to the topology characteristic of the two methyltransferase structures. The failure of secondary structure prediction of this region might be explained by its proximity to the active site of the enzyme (Jenny et al, 1995) . Taken together, 18 secondary structure elements of the catalytic domain of M-EcoRV are predicted, 11-of them by the PHD and SSP programs, four using 29 neutral mutations in the MEcoRV protein as additional information and four by analogy with the structures of MHhal and MTaql. With the exception of fJ-strand 10, which is completely deleted in the phage T2 and T4 dam methyltransferases, the predicted secondary structure elements in M-EcoRV do not span gap regions of the multiple alignments used ( Figure 5 ). All connectivities between the secondary structure elements are identical between MEcoRV, MHhal and MTaql. The final structure prediction deviates in about 30% of all residues from the secondary structure predicitons of PHD or SSP, respectively. This roughly corresponds to the reported accuracy of these methods (Rost and Sander, 1993, 1994; Mehta et al, 1995) . This structural model is the first for a-A'-methyltransferases; it suggests that a-N-methyltransferases have a similar structure to Y-N-methyltransferases, C-methyltransferases and type I methyltransferases (Dryden et al, 1995) .
Comparison with alternative structure predictions of MEcoRV
Recently, a global structure prediction for A'-methyltransferases has been published (Malone et al., 1995) . It is based on two crystal structures, the locations of nine amino acid motifs in N-methyltransferases and the assignment of these motifs to those observed in C-methyltransferases. The global structure prediction presented there and the specific structure prediction presented here are very similar, although the borders of the secondary structure elements could be defined more precisely in the specific structure prediction. The two predictions deviate from each other in the C-terminal region of MEcoRV (following Thr230). In this region the global structure prediction rests on the observation of two rather spurious motifs, whose relationship to the motifs observed in C-and Y-iV-methyltransferases is not clear. As part of this prediction is not in accordance with the specific secondary structure prediction presented here, we conclude that a refined secondary structure prediction might be useful, to improve a structure prediction, that is based only on lead structures and sequence motifs. On the other hand, it must be pointed out that the prediction of MEcoRV helix B, strand 2 and strand 3 would have been impossible without the identification of two motifs within or nearby these regions (Malone et al, 1995) .
Helical wheel plots of a-helices predicted to occur in the catalytic domain of M-EcoRV
Based on the structure prediction presented here, the catalytic domain of MEcoRV contains six a-helices which correspond to helices in the catalytic domain of MHhal and MTaql. The helices corresponding to MEcoRV helices A and B are buried in the MHhal structure, whereas those corresponding to the helices D, I and J are exposed at the surface of the protein.
Helical wheel analyses of these regions (helix C is too short for a meaningful helical wheel projection) demonstrate that helix D, the C-terminal part of helix I and helix J are amphiphatic, whereas helices A and B are hydrophobic ( Figure  6 ). This result supports the prediction of the helices D, I and J. Furthermore, it supports the assignment of the MEcoRV helices to corresponding helices in M-Hhal.
Isolation of catalytically inactive single mutants of M-EcoRV
To map catalytically important regions in the MEcoRV protein, we carried out random mutagenesis experiments and selected for clones devoid of a functional methyltransferase activity. Forty clones were sequenced. About one third of them contained more than one mutation and, hence, are not meaningful for the analysis, as one cannot correlate inactivity with one particular amino acid exchange. A considerable fraction of clones (about one quarter) had single nucleotide deletions in the coding region of the gene, leading to a frameshift. These variants also are not informative. We could identify nine mutants containing only one amino acid exchange (Table II) , many of them being found more than once. The inactive single mutants were expressed and purified, but only the Trp231Arg variant turned out to be soluble. All other proteins remained in the pellet after cell disruption. The Trp231Arg mutant is catalytically inactive in vitro. However, as shown by gel shift analyses, the DNA binding ability of the Trp231Arg mutant is very similar to that of wild-type MEcoRV (data not shown). Hence this mutant behaves like a bona fide active site mutant.
Localization of the mutations in the structure
It is tempting to localize the mutations identified in the catalytic domain of MEcoRV in the framework of the structure of MHhal (Table I) . Three classes of neutral mutations were obtained, as follows, (i) Conservative exchanges at positions that are buried (Hel5, De26, Asp58, De275 and Ala279). All mutations of buried residues identified are conservative with respect to the physical properties of the amino acid residues. Most of the residues are hydrophobic; the only exception, Asp58, forms a contact to AdoMet which could be preserved in the Asp58Glu mutation, (ii) Conservative exchanges of surface exposed residues at Val34, Val80, Del97, Glu238 and Asn266. (iii) Non-conservative exchanges of surface-exposed residues at Val45, Lys71, Arg210, Leu222, Asp244, Phe249, Leu252 and Glu255. The fact that some of these presumably surface-exposed residues are hydrophobic might explain why MEcoRV tends to aggregate already at micromolar concentrations. The location of the inactive mutants is shown in Table n . Four of five mutations identified within the putative catalytic domain of MEcoRW are located within the amino acid sequence motifs X, in and IV (Malone et al, 1995) . This result confirms the importance of these motifs. Strikingly, the only amino acid exchange not located within one of these motifs, Trp231Arg, is located in the loop connecting f$-strand 9 and helix J. The corresponding loop in MHhal forms part of the binding site for the target cytosine, when looped out of the DNA helix. By analogy, this loop has been suggested also to be part of the active site of N-methyltransferases (Malone et al, 1995) . As described, the properties of the Trp231Arg mutant suggest it to be an active site mutant, confirming the putative role of this loop in catalysis. As Trp231 is not conserved even within the closely related methyltransferases (Figure 2) , it is unlikely that this residue by itself has a catalytic role. It rather appears as if the Trp->Arg mutation has disturbed the conformation of the loop, thereby preventing catalysis. Taken together, on the basis of the structure prediction for M-EcoRV, important functional roles can be assigned to all amino acid residues found to be exchanged in catalytically inactive single mutants. On the one hand, this result supports the structural model, and on the other it demonstrates the great potential of random mutagenesis/selection approaches for investigation of structure-function relationships in proteins.
Structure of the DNA recognition domain
According to our prediction, the DNA recognition domain of MEcoRV is located between a-helix D and (J-strand 8. Based on alignments of MEcoRV and DNA methyltransferases recognizing the related sequence GATC in addition to methyltransferases, which recognize unrelated sequences, one part of this region (Phel23-Del51) was suggested previously to be responsible for DNA recognition in M£coRV (Guschlbauer, 1988) . The length of the proposed recognition domain (93 amino acid residues) is in good agreement with the length of the various recognition domains in C'-methyltransferases. For example, the small domain of MHhal comprises 81 amino acid residues (Cheng et al, 1993) .
Unfortunately, the profile methods employed here are not well suited for the prediction of the secondary structure of the MEcoRV DNA recognition domain. As these methods work with sequence profiles, their structure predictions apply to an alignment rather than to a real protein. This point becomes evident in cases where the structures of the proteins used for the alignment-deviate from each other. Such deviations are to be expected in the DNA recognition domains of enzymes which are designed by evolution to recognize different DNA sequences. Unfortunately, MEcoRV is the only enzyme in the set of homologous proteins which recognizes GATATC, most of the others being directed towards GATC. Since SSP used seven proteins recognizing sequences different from GATATC, but PHD only one, the predictions of PHD for amino acids within the recognition domain appear to be more relevant for the structure analysis of MEcoRV. Having this in mind, (3-strand 4 and a-helices E and F were predicted. As two of the inactivating mutations were on fi-strand 5 (Phell5Ser and Serl21Pro), one might speculate that this strand has an important structural or functional role. It should be pointed out that the mutant profiling approach circumvents this difficulty, because active mutants can be considered with great confidence to have a structure nearly identical with that of the wildtype protein. This is another important advantage of mutant profiling; it is expected that the generation of more neutral mutations within the DNA recognition domain in the future will allow for a refinement of the structure prediction of this domain.
Conclusion
We have presented a refined secondary structure prediction and a prediction of the toplology of the secondary structure elements of M-EcoRV. The model suggests that the catalytic domains of a-adenine methyltransferases have a similar structure to y-adenine methyltransferases and cytosine methyltransferases. It is in accordance with a structural model derived on the basis of amino acid motifs conserved among adenine methyltransferases (Malone et al, 1995) . Moreover, we have identified a number of catalytically inactive single mutants of MEcoRV. These mutants demonstrate the importance of the motifs defined by Malone et al. (1995) and support the location of the active centre of the enzyme.
